Porous silica glass has been studied for useful application for filters, desalination membrane and catalyst or enzyme carrier because of its micro-structure, chemical and thermal durability. Porous silica glass is usually prepared from sodium borosilicate glass with high silica content (ca. 60 wt%) by heat treatment for phase-separation and leaching sodium borate phase with acid solution, Hammel et al. [) have reported the preparation of porous glass which is made of relatively low silica content (about 40 wt% SiO,) sodium borosilicate glass. This porous silica glass has many advantages as follows:
(1 ) Low melting temperature (about 1200°-
13WC) .
(2) Pore volume ranges up to 0.6 cm'/g, while porous glass prepared from high silica content was up to 0.3 cm'/g.
(3) High silica content (about 99%) for porous glass.
(4) Leaching treatment is carried out in hot 17 water.
As carrier of catalyst and enzyme, high pore volume is desired, thus the porous glass from sodium borosilicate glass with low silica content is favorable for this application.
Effect of fluorine addition on phase separation and leaching were reported by Takusagawa et al.' ) They reported the effect of fluorine addition for sodium borosilicate glasses with high silica content, and found that the fluorine promoted phase separation. However, effect of fluorine addition for low silica composition has not been reported.
In this study, the effect of halogen addition on phase separation and leaching was investigated for sodium borosilicate glasses with low silica content.
Experimental procedure
The composition of original glasses was 40 wt% of SiO, and molar ratio of Na/ B was equal to 0.22. Without sodium halide, the glass composition was 10Na,O · 50B,0 3' 40SiO, (wt%) . Halogen was added to be 1 or 2 wt% by using sodium halides (NaF, NaCI and NaBr) as starting chemicals.
The reagent grade chemicals of Na, B,O" B,0 3, SiO, were mixed and in case of halogen addition, sodium halide was added, and the mixture was melted at 1400°C for 1 h in a platinum crucible under argon flow and melt was poured in a graphite crucible (23 mm o.d ., 20 mm i.d. and 50 mm in height) . These mother glasses are heated at various temperatures ranging from 500° to 600T for 24 to 240 h to promote the phase-separation in glass samples.
The phase-separated samples were cut into disk form (20 mm in diameter and 2 mm in thickness) and leached in hot water at 95°C for 24 h. After leaching, porous glasses were dried at 140°C for 2 h in the air.
For the phase-separated and porous glasses, halogen content was determined with a halogen sensitive electrode. For the porous glasses, measurements of specific surface area, pore size distribution and electron microscopic observation were carried out by mercury porosimetry, gas adsorption and scanning electron microscopy.
3. Results 3.1 Halogen content of mother glasses Compositions of prepared glasses are shown in Table 1. The halogen content of mother glasses and porous glasses were determined with a halogen sensitive electrode. The halogen contents of mother glasses are shown in Table 2 and some evaporation of halogens were observed. In the porous glasses, residual halogen contents were lower than 0.1 wt%. Thus most part of added halogen was included in Na 2 0-B 2 0 3 phase and it was removed in leaching process.
3.2 Electron microscopic images of sample glasses Halogen free and F , CI, Br added specimens (composition 1, 3, 5, 6) are treated at 580°C for 48 h and electron microscopic observations were carried out. As Fig s. 1 (b) -(d) show, porous glasses prepared from halogen containing glasses have the Si0 2 interconnecting structures which were probably resulting from spinodal decomposition. Their micro-structures were similar to the porous glass from halogen free glass shown in Fig. 1 (a) . 3.3 Effect of heat treatment conditions and halogen additions on phase separation Pore size distributions are shown in Fig . 2 for compositions 3, 5 and 6. All specimens show sharp pore distribution curves and pore size increased with increasing heat treatment temperature. Mean pore diameter and specific surface area of samples treated at various temperatures for 48 h are shown in Table  3 .
For the fluorine added specimens, the relationship between pore diameter and specific surface area and temperature of heat treatment is shown in Fig. 3 . The heat treatment time is 48 h. The pore diameter increases from about 300A to 2500A and the specific surface area decreases from 60 m 2 / g to 20 m 2 / g with increasing the treatment temperature from 500° to 600°C. Thus the micro-structure of porous glass enlarged with increasing of treatment temperature.
The pore diameter slightly increased with increasing fluorine content. This may show the promotion of phase separation with fluorine addition. The promotion of phase separation by fluorine was reported by Takusagawa et al. 2) for 7Na20· 23B 2 0 3 · 70Si0 2 (wt% ) glass. Same effect was observed for this glass system. Same tendency was observed for chlorine containing samples as shown in Table 3 , however the bromine addition was not so effective on pore diameter change. For the fluorine added specimens, the dependence of pore diameter and specific surface area on heat treatment time is shown in Fig. 4 . The heat treatment temperature is 550T. The pore diameter increases from about 600A to 1200A and the specific surface area decreases from 50 m 2 / g to 30 m 2 / g with increasing the treatment time from 24 h to 120 h. Thus the micro-structure of porous glass enlarged with increasing of treatment time.
3 . 4 We ight c hanges in hot water leaching Behavior in leaching of phase separated glass was observed for same samples shown in Figs. 1 (a) -(d) . Weight changes in hot water leaching are shown in for 1 to 6 h. The halogen containing glass was leached out in shorter soaking time than halogen free glass and leaching rate was increased with increasing halogen content. For chlorine containing sample (Composition 5), the leaching finished in a half time of halogen free sample (Composition 1) . Change in dissolving rates in 17Na z O· 83B 2 0 3 (wt%) glasses with halogen addition was observed as Fig . 6 . This sodium borate glass composition is considered as the soluble phase of phase separated glass and 5.2 mol% of sodium halides were added. The dissolving rate of sodium borate glass increased by the addition of halogen and the dissolving rate of chlorine and bromine containing samples were higher than fluorine containing sample.
Discussion
The relationship between the surface area and treatment time was studied by Haller 3 ) and different relations were presented for each transport mode in microphase rearrangement process of phase separated glasses as Table 4 . For sodium borosilicate glass with 68 wt% of Si0 2 content, 1-1 / 2 proportionality was also reported by Haller 3 ) as Eq. (1) .
where A : specific surface area, I : treatment time K: constant The shape of micro pore is usually described by cylindrical model. In this case, the relationship between pore radius 'r' and surface area 'A' is described as Eq. (2) .
A = 2 Vi r (2)
where V: pore volume Thus, surface area would be in proportion to reciprocal of pore radius and Eq. (3) is derived from Eqs.
(1) and (2) . Table 4 . Time dependence of surface area for different theoretical growth models.
------------~~~

Transport mode
Decrease of surface area ... Nakashima et a1. 4 ) reported the 11/2 proportionality of pore radius as Eq. (3) for Na20-B20 3-Si02-AI20 3-CaO glass with 63 wt% of Si0 2 content and this relation is agreed with that of Haller. 3) Morimot0 5 ) reported 1 1 / 3 relation of pore diameter for Si0 2 -B 2 0 ,-AI20 3-Zr02-RO-Na20 glasses with 56-66 wt% of Si0 2 content. Morimoto concluded that phase separation of SiO,-B20,-AI20 3-Zr02-RO-Na20 glass took placed by the nucleation growth mechanism resulting in the different time dependence of pore diameter. For the present glass composition (low silica content) , the dependence of pore radius and specific surface area on treatment time were plotted in Fig. 7 and it was shown that specific surface area is in proportion to 1-0 . 3 and pore radius is to 10.4 . The 1-0 . 3 dependence of surface area corresponds to the case 2 or case 3 in Table 4 . Micro-structure of the present glass is larger than that of sodium borosilicate glass with high silica content as studied by Haller. Thus, the rearrangements of micro phase would proceed by the way of bulk diffusion for large distance. If cylindrical model of micro-pore is adequate for the present glass, decrease of surface area and increase of pore diameter should show same time dependence, however different dependency was observed as Fig. 7 for the present study. The reasons for this discrepancy is unknown at present but one of the reasons is that the cylindrical model would not be suitable to interpret the rearrangement of the spherical structure as observed in Figs. l (a) -(d) . Pore diameters of halogen free and F, Cl, Br containing samples shown in Fig. 5 were 1320A, 1562A, 1400A and 1162A, respectively, and their differences are relatively small in comparison with the leaching rate. Change in dissolving rate of Na 2 0-B 2 0 3 glass with halogen addition in Fig. 6 shows the same tendency as leaching rate in Fig. 5 . Thus, the shortening of the leaching time with halogen addition would be mainly ascribed to differences in dissolving rate of sodium borate phases. One of the authors 6 ) reported that the addition of P 2 0 5 , W0 3 and V 20 5 to the present mother glass is effective to increase the leaching rate. Takusagawa et a1 4 ) reported the promotion of leaching rate by fluorine addition to sodium borosilicate glasses with high silica content. In the present study, the same effect was observed for other halogen containing glasses and for the mother glass of low silica content.
Conclusion
The porous glasses were prepared from halogen containing sodium borosilicate glass and sharp pore size distribution curves were observed for all samples. The pore diameter increased and the specific surface area decreased with increasing heat treatment temperature, heat treatment time and halogen content. The dependence of pore radius and specific surface area on treatment time were different from that of sodium borosilicate glass with high silica content. For the present glass composition, specific surface area is in proportion to 1-0 . 3 and pore radius is to 10.4. The halogen containing specimen was leached out in shorter soaking time than halogen free specimen and chlorine addition was most effective. The change of the leaching rate would be mainly ascribed to dissolving rate of halogen containing sodium borate phase into hot water.
